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ATTACK OF A

Flight test data obtained from a lsrge swept-wing bomber airplane
in flight through rough air at m altitude of ~,000 feet sre analyzed
to determine the effeets of vertical translation and pitthing motions
on the angles of attack of the wing snd tail. Power-spectral techniques
me used to determine the contributions of these motions to the angles
of attack of the wtig and tail at vsrious fregpencies, and the results

. are compared with the direct gust-induced angle of attack.

4 The results indicate that the motions, particularly the pitching
motions, significantly sM@5.fy the angles of attack of the wing and tail
for the test airplane. The pitching-motion component increases the root-
mean-square angle of attack of the wing by about 35 percent and the root-
mesn-squsre angle of attack of the tail by about 50 to 60 percent.

INTRODK!TION

The effects of airplane Longitudinal motions, particularly the
pitching motions, on the loads or angles of attack of the wing and tail
of an airplane in flight through rough air have long been of concern.
A number of analytic studies (for example, refs. 1 and 2] have indi-
cated that the motions may contribute substantially to the airplane
loading. The evaluation of these motion effects experimentally, how-
ever, has been complicated by the continuous and randcm character of
both the turbulence ad the resulting airplane motions. @ a consequence,
few experimental data exist on the stiject.

●

As part of an investigation of the effects of airplane flexibility
on the strains in rough ah for a large swept-wing bomber airplane

+ (,ref.3), time-history measurements of the vertical gust velocity and
the longitudinal airplane motions were obtained. These measurements
provided an opportunity for evaluatm the effects of the longitudinal

*
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loading or angles of attack of the wing and tail for the
consequently, an analysis of these measurements was under-
present report, power-spectral methods of analysis are

b

test measurements in order to determine the direct con-
tributions of the airpl&e vertical velocity and pitch responses to the
angles of attack of the wing and tail at the various frequencies during
flight in rough air. The techniques used h the analysis and the results
obtained are presented.

A
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1/2

1.5
truncated measure of the root mean square, O(f)df’ ,

.25
radiam

normal acceleration, g units

downwash factor

frequency, cps

imaginarypmt of cross-spectrum

distance between angle-of-attack vane and center of gravity, ft

distance between center of gravity and root quarter-chord of—
horizontal tail, ft

distance between angle-of-attack vane and
horizontal tail, ft

Mach number

number of sepaate power estimates

quarter-chord of

real psxt of cross-spectrum

time for gust to travel from

time for gust to travel from

time for gust to travel from
zontal tail, sec .

angle-of-attack vane to wing, sec

wing to horizontal tail, sec

angle-of-attack vane to hori-
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airplane forward speed, ft/sec

airplane vertical velocity, ft/sec

vertical gust velocity, ft/sec

guSt-induced angle of attack, radisns

tail angle of attack as
zontal tail, radians

vane-indicated singleof

wing angle of attack aa

‘aflight-path angle, —,
v

pitch attitude, radians

measured at quarter-chord of hori-

attackj radians

measured at center of gravity, radians

radians

pitching velocity, radiens/sec

W* sweep angle at quarter-chord line, deg

power spectrum if i = j or cross-spectrum if i+J2
radians2/cps (see ref. 4)

power

power

The airplane
The configuration

3pectrum of tail angle of attacky radiens2/cps.

3pectrum.of wing angle of attack, radism2/cps

~, INWRLMENTATION, AND TESTS

Airplane

used in this investigation waa a six-engine jet bomber.
of the standard airplane was changed slightly for the

tests by ~he addition of an airspeed measuring boom end fairing on the
nose and by an external canopy mounted on top of the fuselage to house

● an optigraph. A photograph of the airplane is shown in figure 1. A
two-view drawing of the airplane, showing some of the pertinent d3m.en-
sions, is shown in figure 2. Some of the airplane characteristics sre*
presented in table I.
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Instrumentation

The instruments pertinent to this study ticluded sm NACA air-
damped recording accelerometer mounted near the center of gravity to
measure normal acceleration. A standsxd NACA attitude-pitch recorder
and a magnetically dsmped NACA turnmeter were installed new the center
of gravity to record the pitch angle ad pitching velocity, respectively.
A maas-balanced metal flow-direction vane was mounted on the nose boom
to obtain an indication of the instantaneous angle of attack of the alr-
plene. An NACA l/10-second chronometric timer was used to correlate all
recordings. Table II presents a summary of the instrument characteristics
and their associated accuracies.

Tests

The data for this study were obtained as p~t of an investigation
of the effects of airplane flexibility on the wing strains of a large
swept-wing airplane in rough air. These data consietiof 4 minutes of
the-history measurements of vertical gust velocity and longitudinal
airplane motions, and the data were obtained in clear-air turbulence at
an altitude of 5,000 feet at a Mach number of approximately 0.63. The

.

test was made with “hands-off” control; that is, the pilot only corrected
for large deviations of the atiplene from the prescribed altitude and &
heading. An examination of the control position recorders indicated
that the only movements of the elevator during the flight in rough air
consisted of several small deflections applied grsdually by the pilot In
order to correct for deviation of the airplane from the prescribed
altitude.

METHOD OF MWILYSIS

The basic method of saalysis consists of first expressing the-angles
of attack of the wing and tail as a sum of the vertical.gust velocity
and the longitudinal motions (airplane vertical velocity and pitching
motions). Then the contributions of the motions (vertical velocity and
pitch) to the wing (or tail) angle ofiattack are obtained by comparing
the total wing (or tail) angle of attack in rough air with the gust-
induced angle of attack. Likewise, the effects of the individual com-
ponents of the motions are obtained by compsring the direct gust-induced
angle of attack with the angle of attack evaluated by neglecting first
the pitching-motion component only and then the vertical velocity com-
ponent only. The methods used to determine the effects of the motions
on angles of attack of the wing and tail are described in the following
sections.

.
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wing
.

Figure 3 shows the geometrical relations between the wing angle of
attack, the airplane motions, and the vertical gust velocity. From the
figure, it may be seen that the angle of attack of the wing (measured
at the center line) in rough air is given by the following equations:

a#Jt) = e(t) + y(t) + C’@)

where

e

%
*

7

.
‘a

v

‘g

t

= e(t) + $t) + *t)

pitch attitude, radians

gust-induced angle of attack, radians

flight-path angle, rsilians

airplane

airplane

vertical

time

vertical velocity, ft/sec

forward speed, ft/sec

gust velocity, ft/sec

(1)

In the present investigation, measurements of the instantaneous
vertical gust velocities were made by the use of an angle-of-attack vane
mounted.on a boom at a distance 21 of 52.5 feet ahead of the airplsne—..
center of gravity. Thus, the wing penetrates the gust wg at a time

21
tpy after the vane penetrates the gust, and this time lag must be

taken into account in order to use the measured @t velocities in equa-
tion (l). By
instantaneous

introducing this time lag factor &to eqwtion (1), th~
sngle of attack of the wing may be expressed as

aJt) = e(t) ++t) +~t-tl) (2)
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Tail

The angle of attack at the tail = be obtained from the angle of
attack of the wing by tsking into account the effects of pitting
velocity, wing do&w&h, snd the appropriate time legs. In rough air,
the instantaneous angle of attack of the tail ~(t)

as

cl+(t) = IYJt) - a.Jt-t2)g+ ~(t-ts) - U. Jt-t]

may be expressed

-)+ + s(t) -

s e(t) +~t) - e(t-t2)QfJ- ~t-t2)Q&+~t-t3) -

9-t3)5 + + w

where

de
downwash factor

z

ta the gust takes
quarter-chord

t3 time gust takes
tail, 13/v

in
of

to

The downwash factor

(3)
●

.

traveling from ai~laae center of gravity to
horizontal tail, 22/v

travel from vsne to qyarter-chord of horizontal

de/da used in equation (3) was
the following empirical relation derived from flight test
airplane in reference 5:

—

esthnated from
data for this .— —
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For the present investigation

7

where M = 0.63 and A= 35°,

Power-Spectra Equations

In order to exsmine the contributions of the motions to the wing-
and tail-angle-of-attack responses at the various frequencies, power
spectra of the angle-of-attack variations for various conditions sre
determined. The power spectra of the wing and tail angles of attack
may be obtained from equations (2) ad (3) by either of two procedures.
First, the eqyations may be evaluated to obtain time histories of the
wing and tail singlesof attack from which the power spectra may be cal-
culated. Secondly, equations (2) and (3) may be transformed so as to
express the power spectra of the wing and tail angles of attack in terms
of the power-spectra and cross-spectra components of the motions snd
gust velocity. The second procedure is used hereti.

.
The power spectra of

of the tail Q%(f) ~YJ.
expressed as

the angle of attack of

from equations (2) snd

‘%(f)=E’e(f!l‘#w=Jfl‘$Fwg(f!l
[1$R owg~(f) COS ~ftl - $

[1~R@ Wawg(f) Cos aft~ -
VP

r

the wing O%(f) and

(3), respectively, be

[1+$R%ae(f) +

-!

11I Qwge(f) sti ~ftl+
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o%(f) =
[ 1(@Q(f) 1.25

)
-“COS 2Jcft2 +

~~wg(f,] ,:~,(fg +
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[ ](+.Jf) 1.25- Cos 21fft2 +
+ )

[1~ R Owae(f) (1.25 -
)

Cos 2Jrft2 +

[1;R%ge(f) p“zCos”atfq - 0.25 Fos af(t3-t2q +

[1$ ~ %ge(f) [-o05 S~ *fi3 + o.25 sin 2cf(t=j-t2)l +

:Rp%%(f@ Cos afi3 - 0=25 Cos ~f(t,+il +

where

R real part of cross-spectrum

I tiaginsry part of cross-spectrum

Equations (h) end (5) express the contributions of the spectra
and cross-spectra of the various motions ani gust velocity to the ower
,spectra of the wing and tail angles of attack, respectively. [The irect
contributions of the atiplane motions to the wing and tail angles of
attack may be ascertained by comparing O%(f) end O%(f) obtained

from equations (4) and (5), respectively, with the power spectra of the

*
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gust-induced sngle of attack. The direct contributions of the gust to
. the power spectra of the wing and tail angles of attack are given by the

[1teIT3L5~Qwg(f) and
0.25

[1
~ @wg(f) in equations (4) and (5), respec-

V2
tivel.y. The spectral effects of vertical velocity and pitch on the wing
and tail angles of attack may be determined by omitting the terms
involving either e or wa in eqmtions (4) and (5) ad then by com-

psring the resulting spectra with the direct gust-induced angle-of-
attack spectra.

EVALUATION OF DATA AND RESULTS

The record evaluation consisted of reading the measured time his-
tories of pitching velocity 6, vane-indicated angle of attack ~, and

the center-of-gavity normal acceleration w at given the intervals.
The reading interval was 0.1 second for islldy and 0.05 second

●
for ~. The values of 6 and ~ were numerically integrated in

order to obtain time histories of the pitch angle e and the airplane
vertical velocity Wa. The values of 6, e, waj and ~ were used

.
to determine the time history of the vertical gust velocity Wg in

accordance with the general method given in reference 6. The detailed
procedures used in the gust-velocity determination are presented in
reference T.

The time-history values of 0, 6, ~a, and Wg were used to cal-

culate the various power spectra end cross-spectra required in the
right-hand side of equations (4) and (5). These calculations were based
on the methods given ti reference 8. In calculating the various power
spectra and cross-spectra, 60 legged products (n = 60) smd At = 0.1 sec-
ond were used so that 60 power estimates were obtained between O smd
5 Cps. Only the results for the frequency range of 0.25 cps to 1.5 cps
are used herein, however, for the following reasons:

(1) This freqwncy range is of primary concern since most of the
airplane losding is concentrated within the frequency range of 0.25
to 1.5 Cps. This may be seen from examination of the power spectrum of
normal acceleration at the center of gravity given in figure 4, which,
as indicated in,reference 3, provides a measure of the airplane loading.

(2) At frequencies below 0.25 cps, the power spectrum of vertical.
gust velocity obtained from the vane measurements is not considered
reliable.

4
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(3) At frequencies above 1.5 CW, the airplane pitching and
vertical-velocity motions are small.

Tables III and IV.present the individual power estimates of the
power spectra and cross-spectra of the motions and gust velocity which
contribute to the power spectra of the wing and tail angles of attack,
as indicated by equations (4) and (5), respectively.

and
the
(2)
the

Three estimates for @W(f) and Q%(f) axe given in tables III

IV, respectively. These spectra were obtained by: (1) summing all
terms in tables 111 and IV according to equt;ons (4) and (5),
neglecting the terms involving only 0 and 0, and (3) neglecting
terms lIIVOIViIlg OllQ Wa. The three spectra of w and ~ me

also given in figures 5 and 6, respectively. In addition, the power
spectra of the direct gust-induced angle of attack of the wing and tail
me given in these figures. The contributions of the ~st to the power
spectrum of the angle of attack of the wing is given by the term

-&g(fj in table 111. For the tail, the spectrum of the gust-induced
v

angle of attack is given by the term Q#[%g(fg in table IV.

Comparison of the various spectra in figures 5 and 6 provides an .

indication of the contributions at the various frequencies of the direct
gust effects, vertical motions, and the pitching motions to the angle-
of-attack spectra of the wing and tail. As an indication of the total
power, the values of the quantity A, defined by

is ~so given in figures 5 and 6. The values of A may be considered
a truncated estimate of
only the power over the
considered.

the root-mean-square angle of attack because
frequency range of 0.25 cps to 1.5 cps was

REIZABIIZFY OF REWIYIS

The
The more

(a)

present results are subject to errors due to a number of factors.
important ones appear to be: r“

The accuracy of the basic measurements
.
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(b) The accuracy of

(c) Possible errors

U

the gust-velocity determination

arisimg from airplane flexibility, particularly
in regard to.fuselage bending affecting the tail angle of -
attack

(d) Inaccuracies in the determination of the downwash factor d~/du

(e) Statistical ssmpling errors

The reliability of the present measurements snd the gust-velocity
determination was considered in detail in another connection in ref-
erence 7. The results obtained therein suggest that the measurements
and the gust velocity axe sufficiently accurate for present purposes
for the frequency range considered, The possible effects of fuselage
flexibility on the tail angle of attack were also considered. An evalu-
ation of these effects, based on the results of reference 9, indicates
that these effects are negligible for present purposes over most of the
frequency region of concern. In order to determine the effects of
inaccuracies in the downwash factor, the spectrum of the tail angle of

. attack was computed by using a 20-percent-lower downwash factor. The
results obtained indicate that the 20-percent reduction in the downwash
factor yielded a 15-percent increase in the spectrum of the tail angle

. of attack.

In order to establish the statistical reliability of the present
results, the methods of reference 10 were used to obtain confidence
bands for the present power-spectra and root-mean-square values. The
results obtained indicated that each of the present power estimates is
reliable to within about km percent of the values given whereas the
root-mean-square values sre reliable to better than +10 percent. b
addition to the absolute reliability of the present power spectra, the
reliability of ratios of.the power estimates for the vsrious power
spectra is also of concern in the interpretation of the present results.
Unfortunately, no means sre yet avaihble for establishing q..titative
estimates of the reliability of ratios of power estimates, although the
theoretical snalysis and some of the results obtained in reference 11
indicate that
the stability

such ratios may have greater statistical stability than
of individual spectral.esttites.

.

Comparison of
. of attack O%(f)

DISCWSION

wing

the power spectrum of the direct gust-induced angle
with the power spectrm’of the actual angle-of-attack
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change of the wing O%(f) in figure 5 indicates that the combined air-

plane motions (pitch and vertical velocity) contribute significantly to
the tig angle of attack over the frequency range 0.35 cps to 1.5 cps.
Except for the small reduction in the wing angle-of-attack spectrum at
frequencies below 0.35’cps, the motions tend to increase the spectrum
of the gust-induced angle-of-attack change at the whg by factors of 2
and 3 over the entire frequency range. The overall effects of the air-
plane motions, as indicated by the values of A, cause about a ~-percent
simplificationof the gust-induced angle of attack over the frequency
range of 0.25 to 1.5 cps.

Comparison h figure 5 of the spectrum of the wing angle of attack
obtained by considering only the airplane vertical velocity (0 = O)
with the gust-induced angle-of-attack spectrum 0 (f) shows that the

%
vertic~ velocity component acts to reduce the net angle of attack at
frequencies below 0.6 cps. Above this frequency, however, the vertical
velocity component of the angle of attack adds to the gust-induced angle
of attack. The overall effect of the vertical velocity component is a
small reduction in the wing angle-of-attack change, as is indicated by
the values of A. The pitching-motion component, however, adds to the
gust-induced angle-of attack over almost the..entirefrequency range and
gives an overall increase in airplane angle of attack of about
35 percent.

Tail

Examination of figure 6 inticates that the overall effects of the
airplane motions on the tail angle of attack sre of the same geners2
character as for the wing angle of attack and act to increase the angle
of attack over the entire frequency range. The magnitude of the increase
is, however, greater for the angle of attack of the tail and increases
the direct gust-induced @ngle-of-attack variations by about 70 percent.
Further examination of figure 6 indicates that the effect of the air-
plane vertical-motion component on the tail angle of attack opposes the
gust-induced angle of attack at the lower frequencies (below O.~ CPS)
but adds to the angle of attack at the higher frequencies. The overall
effects of the vertical-motion component on the tail angle of attack
appear to be small, as is indicated by a comparison of the values of A
given in figuxe 6. The pitch--motion component (both pitch attitude
-d pitching velocity), however, significantly increases the power spec-
trum of the tail angle of attack for the entire frequency range covered.
This increase tiounts to ~ to 60 percent for the overall angle-of-attack
variations, as is shown by the values of A.

.

.
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CONCLUDING R@3ARKS

The foregoing am.1.ysisof the longitudinal airplane motions (pitch
and vertical velocity)of a large swept-wing bomber airplane in rough
air have served to indicate that the motions in rough air have an appre-
ciable effect on both wing and tail engles of attack. For the test air-
plane, the effects of the airplane vertical velocity appear to be rela-
tively small. The effects of the pitching motions, however, are
unfavorable and tend to increase the direct gust-induced angle of
attack over almost the entire frequency range (0.25 to 1.5 cps). The
overall effect of the pitching motion appears to increase the root-
mean-square wing angle of attack by about 35 percent over the direct
gust effects. The overall effect of the pitching motion on the tail
angle of attack appears to be even luger and increases the root-mean-
square angle of attack by about 50 to 60 percent.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., May 8, 1958.
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TAELE I

PERTINENT PHYSICAL CHARACTERISTICS AND DIMENSIONS

OF THE TEST KUWIANE

wing:
Total mea, sq ft .
Span, ft.....
Aspect ratio . . .
Thickness ratio . .
Taper ratio . . . .

.

.

.

.

.

.

.

.

.

.

.
●

✎

✎

✎

.

.

.

.

.
in.Me-m aerodynamic chord,

Sweepback at 25-percent-chord

.

.

.

.

.

.

Horizontal Tail:
Total area, sq ft . . .
Span,ft . . . . . . .
Mean aerodynamic chord,

. .

. .
in.

.

.
●

Sweepback at 27-percent-chord

Airplane weight, lb . . . . . .

.

.

.

.

.

.

. .

. .

.,

. .

. .

. .

.

.
●

✎

✎

✎

.

.

.

.

.
●

. .

. .
● ✎

.

.

.

line,

. . .

.

.

.

●

✎

✎

deg

. .

.

.

.

.

.

.
●

✎

✎

✎

✎

✎

.
#
.
.
.
.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
,

●

.

.

.

.
●

✎

✎

✎

✎

✎

✎

✎

,
.
.
.
.
●

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

●

●

✎

✎

✎

✌

.

.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

.

.

.

.
●

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
. .

1,42;

9.43
0.12
0.42
155.9

35

268
33

102.9
37

. 1.13,000



Qoantity Measurement Instrument Instmmlent
Estimated

masured station
instrument

range senait ivity
accuracy

~ormal.acceleration, 54.2 psrcent I *1.O
I

units
g units mean aerodynamic chord

1.01 ~ ~
I

0.005
.

Pitching velocity, 25.0 percent
mdians/sec

M.25 oa2~ radl~/sec 0.005
meau aerodynamic chord .

Vane-indicated
angle of attack,

~ h. aheaaof
M3.5

radians
or&hml nose

0.183 — 0.002

radians ill.

I I I I

Time, sec ----------------------- .----- -------- -------- - 0.00>
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Figure 2.- Two-view drawing of test airplane.
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Figure 3.- Geometrical relat iom of the airplane motion6 with positive
directions shown.
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Figure 4.- Power spectrum of normal acceleration at the center of
gravity.
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spectrum of gust-induced angle of attack. .+
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Figure 6.- Compsrison of power spectra of tail angle of attack, with
and without vertical- and pitching-motion components, with power
spectrum of gust-induced angle of attack.
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